A temporal order ofprotein synthesis has been.. The mechanism which determines the temdemonstrated in outgrowing bacterial spores. poral order of gene expression during outgrowth The synthesis of a small number of protein is not yet understood. The time of expression of species is initiated after induction of germina-individual genes may be determined by the prestion. As outgrowth proceeds, the number of syn-ence of regulatory factors in the outgrowing thesized proteins increases, and temporal spores at specific stages of development (3) . Alchanges in the population of peptides being syn-ternatively, timing of gene expression may be thesized at any period are observed. These controlled by sequential transcription of the gechanges have been documented by analysis of nome (7) . For the latter case, if transcription is pulse-labeled peptides of outgrowing spores (8, initiated after induction of germination from a 20) as well as by following the kinetics of syn-defined site on the chromosome, as proposed by thesis of individual enzymes during outgrowth Kennett and Sueoka (7) , then at an early stage (7, 8, 16) . of outgrowth, transcription would be limited to The dependency of protein synthesis on labile genes clustered on a small fraction of the chro-RNA synthesis and the inhibition of de novo mosome. This hypothesis can be tested by hyenzyme synthesis by chloramphenicol or acti-bridizing pulse-labeled RNA from different penomycin have led to the conclusion that the riods during outgrowth and vegetative growth to periodicity of protein synthesis during out-electrophoretically separated restriction endogrowth is determined at the transcription level nuclease DNA fragments by Southem's tech- (5, 8) rather than by post-transcriptional control. nique (14) . The following data are consistent with this hy-Since genes expressed at a defined stage of pothesis. (i) Competitive hybridization of pulse-outgrowth are not necessarily clustered on indilabeled RNA of outgrowing spores with total vidual restriction fragments, differences in the RNA extracted at different periods during out-population of RNA species being synthesized at growth indicates that the distribution of the different stages of outgrowth would not necespredominant mRNA species fluctuates during sarily be reflected in the differences between the outgrowth (5). (ii) A positive correlation has hybridization patterns of RNA pulse-labeled at been observed between the time of synthesis of the corresponding periods. Nevertheless, comindividual inducible enzymes and the time of parison of the hybridization patterns should altheir inducibility (16 (14) .
The efficiency of transfer of 3H-labeled DNA was determined to be above 80%. All experiments described in this paper were conducted with a single preparation of digested B. cereus DNA. Hybridization conditions were: 2 x 104 cpm of 32P and 5 to 10 jg of RNA in 15 ul of 2x SSC per cm2 of nitrocellulose membrane. Incubation, filter washing procedure, and autoradiography were as described by Southern (14) .
RESULTS
Hybridization of rRNA and pulse-labeled RNA of vegetative cells. DNA of B. cereus was digested to completion by EcoRI restriction endonuclease and subjected to gel electrophoresis. The separated fragments were transferred onto nitrocellulose sheets and hybridized to 32p_ labeled rRNA of B. cereus under the conditions described in Materials and Methods. The autoradiogram of the hybridization filter ( Fig. la) contains one dense band, which corresponds to a DNA fragment of 1.5 kilobases (kb), and about 18 bands of lower intensity, which correspond to EcoRI fragments of higher molecular weights.
Most of the EcoRI DNA fragments which are resolved by agarose gel electrophoresis hybridize to pulse-labeled RNA of vegetative cells to form a reproducible pattern (Fig. lb) . Whereas nonlabeled rRNA (600,ug/ml) fully competes with 32P-labeled rRNA upon hybridization with EcoRI DNA fragments of B. cereus, the same amount of nonlabeled rRNA does not reduce the intensity of any of the resolved hybridization bands of pulse-labeled RNA (Fig. ld) . Most of the RNA of the pulse-labeled preparations consists of rRNA, which is present in the cell before labeling. Therefore, hybridization of pulse-labeled RNA appears in this system to be under conditions of RNA excess and relatively low specific activity, even without the addition of competing rRNA to the hybridization mixture. Consequently, hybridizing rRNA is not represented in the pattern of hybridizing pulse-labeled RNA. Nonlabeled bulk RNA of B. cereus cells was added to the hybridization mixture containing pulse-labeled RNA in the same amount as rRNA (Fig. lc) (Fig. 2c) to reveal autoradiographic bands of low intensity. The intensity of these bands does not decrease when the ratio of nonlabeled rRNA to 3P-labeled spore RNA is increased. Hybridization of EcoRI fragments to 3P-labeled spore RNA in the presence of 750 ,ug of bulk, nonlabeled, vegetativecell RNA eliminated all but one of the hybridization bands (Fig. 2d) Hybridization of continuously labeled vegetative-cell RNA with EcoRI DNA fragments also forms a pattern similar to that of rRNA. Addition of 750 pg of competing nonlabeled rRNA per ml to the hybridization mixture reveals the hybridization pattern presented in Fig. 2a . A similar pattern is obtained upon addition of 750 ,ug of competing nonlabeled bulk RNA of dormant spores to the hybridization mixture (Fig.  2b) .
Transcribing DNA fragments of outgrowing spores. RNA was pulse-labeled at 5 min after germination induction and during vegetative growth and hybridized to electrophoretically separated restriction endonuclease DNA fragments of B. cereus. The hybridization pattern of early-outgrowth RNA was similar to that of vegetative-cell RNA. The number of resolved hybridization bands was the same for both preparations, and most bands were at parallel positions. This indicates that transcription activity at this stage of development is not restricted to genes clustered on a single short region, but rather is distributed along the chromosome, the same as is transcription activity during the vegetative phase of growth.
An apparent difference between the hybridization pattern of germinating-spore RNA and vegetative-cell RNA is in the distribution of radiointensity among the hybridization bands. Hybridization bands which correspond to EcoRI fragments of 1.5, 1.8, 2.9, and 3.5 kb have a relatively higher intensity when hybridizing outgrowing-spore RNA pulse-labeled at 5 min after germination induction than vegetative-cell RNA (Fig. 3) . To detect restriction fragments homologous to RNA species, which may be present in outgrowing spores at a relatively higher concentration than in vegetative cells, hybridization of pulse-labeled, outgrowing-spore RNA was conducted in the presence of competing nonlabeled RNA of outgrowing spores and of vegetative cells (Fig. 4) . Addition of 120 ug of nonlabeled RNA of outgrowing spores per ml to the hybridization mixtures reduced the intensity of all the hybridization bands (Fig. 4c) , and at 500 ,ug of competing early-outgrowth RNA per ml the bands were barely visible under the conditions of the experiment (Fig. 4d) . On the other hand, addition of 1,000 ,ug of competing vegetative-cell RNA per ml to the hybridization mixture (Fig.  4b) led to the reduction of intensity of the major hybridization bands, which correspond to EcoRI fragments of 1.5, 1.8, and 3.5 kb, but no marked reduction in the radiointensity ofthe band which corresponds to an EcoRI fragment of 2.9 kb was J. BACTERIOL. respective hybridization patterns are presented in Fig. 5a and d (Fig. 5d) but not in the hybridization pattern of RNA pulse-labeled at 0 to 5 min (Fig. 5a) observed. This observation indicates that at least part of the RNA homologous to the 2.9-kb fragment is present in an exceedingly lower concentration in vegetative cells than in spores at an early stage of outgrowth.
To detect possible changes in the pattern of EcoRI DNA fragments that are transcribed at different stages of outgrowth, pulse-labeled RNA of spores at an early stage (0 to 5 min after germination induction) and a late stage (60 to 65 min after germination induction) was prepared and hybridized to electrophoretically separated EcoRI DNA fragments. Autoradiograms tion at the 5.1-kb EcoRI DNA fragment was conducted under conditions of DNA or RNA excess, a sixfold excess of competing nonlabeled RNA of spores at either early or late stages of outgrowth was added to the hybridization mixture. The intensity of the 5.1-kb band in the hybridization pattern of late-outgrowth RNA was not reduced markedly by either of the two competing RNAs. This indicates that in the absence of competing RNA, hybridization of late-outgrowth RNA at this site was under conditions of DNA excess. Excess of competing species in the nonlabeled early RNA preparation would have markedly reduced the intensity of the 5.1-kb band in Fig. 5e . Since the concentration of nonlabeled early-outgrowth RNA in the hybridization presented in Fig. 5e is sixfold the concentration of the homologous labeled RNA in the hybridization presented in Fig. 5a , it could be assumed that hybridization of early-outgrowth, pulse-labeled RNA at this site was under conditions of DNA excess. Thus, the absence of a major hybridization band at the 5. determine the number of RNA species coded by this DNA segment and the nature of these RNA species. It would also be of interest to determine the time of synthesis of RNA homologous to this band during sporulation and the stability of this RNA during spore germination and outgrowth.
It has been proposed that timing of enzyme synthesis during spore outgrowth is determined by sequential transcription of the genome, starting from the origin of replication (7) . This theory is supported by the data of Kennett and Sueoka (7), who observed that the temporal sequence of enzyme synthesis was directly related to the distance of their structural gene from the origin of replication. One prediction of this proposal is that immediately after germination induction, transcription activity would be limited to a short segment of the chromosome. RNA homologous to a short region of the chromosome should hybridize to a small fraction of the fragments hybridizing pulse-labeled RNA of vegetative cells or pulse-labeled RNA of spores at a late stage of outgrowth. Therefore, the observation that the pattern produced by hybridization of pulse-labeled RNA of spores at an early stage of outgrowth is as complex as the pattern of hybridizing vegetative-cell RNA is inconsistent with the proposal that sequential transcription of the genome, which is initiated at a defined location on the chromosome, takes place during outgrowth. Yeh and Steinberg (22) have studied the effect of translocations of structural genes on the time of their expression during Bacillus subtilis spore outgrowth. They have demonstrated that translocation of a structural gene to a position distal to the origin of replication does not change the time of its expression during outgrowth. Thus, initiation of transcription after germination induction appears to take place at sites distributed along the length of the chromosome.
If enzyme timing during outgrowth is controlled on the transcription level, the population of RNA species available for translation should change temporally during this phase of the bacterial life cycle. The observations that some RNA species present in spores immediately after germination induction are absent or present at lower concentrations in vegetative cells and that RNA homologous to some EcoRI fragments appears at a late stage of outgrowth are consistent with this prediction.
Genes expressed at a specific stage of spore development are not necessarily clustered; therefore, individual EcoRI DNA fragments may be homologous to RNA species synthesized at different stages of outgrowth. Consequently, the differences observed between hybridization patterns represent a minimal estimation of the differences between the population of RNA species present in the cell at different developmental stages. The use of two-dimensional restriction analysis (1) coupled with hybridization by the Southern technique should greatly increase the resolution of the method. The electrophoretic separation and identification of EcoRI DNA fragments homologous to chromosomal regions which are being transcribed at a defined period during outgrowth should facilitate the enrichment and cloning of these fragments in bacterial plasmids. B. subtilis DNA containing a gene that is activated during sporulation has been recently identified and cloned by a similar procedure (12) . Cloned fragments could be used as probes in hybridization experiments and contribute to the understanding of the mechanism which determines the timing of gene expression during bacterial spore outgrowth.
